The phenomenon by which irradiated cells influence nonirradiated neighboring cells, referred to as the bystander effect (BSE), is not well understood in terms of the underlying pathways involved. We sought to enlighten connections between DNA damage repair and the BSE. Utilizing sister chromatid exchange (SCE) frequencies as a marker of the BSE, we performed cell transfer strategies that enabled us to distinguish between generation versus reception of a bystander signal. We find that DNAdependent Protein Kinase catalytic subunit (DNA-PKcs) and Ataxia Telangectasia Mutated (ATM) are necessary for the generation of such a bystander signal in normal human cells following gamma (c)-ray exposure, but are not required for its reception. Importantly, we also show that directly irradiated human cells do not respond to receipt of a bystander signal, helping to explain why the BSE is a low-dose phenomenon. These studies provide the first evidence for a role of the DNA damage response proteins DNA-PKcs and ATM specifically in the generation of a bystander signal and intercellular signaling.
Introduction
Newly emerging insight into the mechanistic basis of carcinogenesis supports the concept that the genetic effects of low-dose radiation cancer risks are considerably more complex than one might imagine based on linear no-threshold extrapolations from the high-dose radiation received by Japanese atomic-bomb survivors. The observation of a low-dose ionizing radiation (IR) induced bystander effect (BSE) , that is, irradiated cells signaling their distress to, and stimulating a response in, non-irradiated neighbors and inducing an effect, is a case in point.
The BSE occurs when a directly irradiated cell generates and transmits a signal, such as reactive oxygen species (ROS) (Kashino et al., 2007) , nitric oxide species (Shao et al., 2006) or cytokines (Banaz-Yasar et al., 2007) either through gap junctions (Azzam et al., 1998 (Azzam et al., , 2001 or through media (Lehnert et al., 1997; Mothersill and Seymour, 1998 ) to a neighboring non-irradiated cell. Given that the multiple markers that have been used to study the BSE, that is, micronuclei formation (Yang et al., 2007) , clonogenic survival (O'NeillMehlenbacher et al., 2007) , apoptosis (Grifalconi et al., 2007) and sister chromatid exchange (SCE) (Nagasawa et al., 2005) (Figure 1 ), are themselves considered to be detrimental, it has been assumed that the BSE is harmful to neighboring cells. However, it has also been proposed that the BSE may actually be beneficial at a tissue level; cells exposed to a bystander signal are more radioresistant to subsequent IR-induced damage indicative of an adaptive response (Iyer and Lehnert, 2002) . It is also noteworthy that of these markers, only SCE frequency is not significantly influenced by direct low-LET (for example, g-ray) radiation exposure (Ardito et al., 1980) , making SCE an attractive marker of the BSE.
Given numerous studies demonstrating the importance of DNA repair proteins in directly irradiated cells, we sought to examine what, if any, role they might play in the BSE. We focused on the repair proteins DNAPKcs (DNA-dependent Protein Kinase catalytic subunit) and ATM (Ataxia Telangectasia Mutated). DNA-PK is a primary component of the non-homologous end-joining (NHEJ) DNA repair pathway, consisting of the Ku 70/80 heterodimer and DNA-PKcs (Collis et al., 2005) . DNA-PK is critical for double-strand break (DSB) repair and for V(D)J recombination (Jackson and Jeggo, 1995) . It has also been shown that DNA-PK is important for the protection of mammalian telomeres by helping to maintain effective end-capping and preventing inappropriate fusions (Bailey et al., 1999 (Bailey et al., , 2001 (Bailey et al., , 2004 . Like DNA-PKcs, ATM is a member of the phosphoinositide 3-kinase-like kinase family. ATM plays a critical role in the early detection of IR-induced DSBs (Barzilai et al., 2002) and is responsible for phosphorylation of numerous proteins involved in cellcycle control, apoptosis and DNA repair (Lavin and Kozlov, 2007) .
Previous studies investigating how DNA repair status influences the BSE include several by Nagasawa et al., who demonstrated that cells deficient in DNA repair proteins tend to exhibit large bystander responses following a-particle irradiation (Nagasawa et al., 2005) . These authors speculated that cells experiencing defective repair of DNA damage induced by direct irradiation, display an increased bystander response likely due to increased production of ROS (Nagasawa and Little, 2002) . These early experiments were not capable of determining whether the role of these proteins was in the generation or in the reception of the bystander signal. Later, media transfer experiments revisited the role of several DNA repair proteins in generation of the bystander signal; here it was concluded that these proteins played no role in the BSE (Mothersill et al., 2004) . However, media transfer experiments inherently limit the role of short-lived ROS, which many believe to be a crucial contributor to the BSE.
In the current study, we designed cell transfer strategies to assess the role of DNA-PKcs and ATM in the generation and/or reception of the IR-induced BSE following g-ray exposure. Cells were divided into two groups, donors (irradiated) and recipients (nonirradiated). The donor cells were either un-irradiated (control) or exposed to 1 Gy of 137 Cesium g-rays (treated), rinsed and then co-cultured with the recipient cells at a dilution of either 1:100 or 1:1000. Cells were harvested after two cell cycles in the presence of bromodeoxyuridine to facilitate visualization and analyses of SCE frequencies in unirradiated recipient cells as a marker of the BSE. To assess the roles of DNA-PKcs and ATM in the generation and reception of bystander signals, mouse and human cell lines deficient in either DNA-PKcs or ATM were used in cell co-culture experiments with normal human fibroblasts that are capable of both generating and receiving bystander signals. Using a DNA-PKcs or ATM deficient cell line as the donor with normal human fibroblasts as the recipient allowed us to test whether DNA-PKcs and/or ATM are required for signal generation; using the deficient cell lines as recipients allowed us to test if these proteins are needed to receive and respond to bystander signals.
Results
SCE frequencies in primary normal human dermal fibroblasts (HDF, 5C), both with and without exposure to 1 Gy of direct g-irradiation ( 137 Cs), were determined. It has been reported previously that direct low LET IR exposure does not significantly enhance SCE frequency (Ardito et al., 1980) , which we confirmed here. 5C HDF's did not display elevated SCE frequencies subsequent to direct g-irradiation when compared with the 0 Gy controls; SCE frequencies were 3.76 SCE/ metaphase (0Gy) and 3.4 SCE/metaphase (1 Gy) (Figure 2a) , with no statistically significant difference between sample means.
We designed a cell transfer approach that utilizes SCE frequencies as a marker of the IR-induced BSE, and importantly facilitates discrimination between generation versus receipt of bystander signals. A small number of irradiated cells (donors) were added to a nonirradiated cell population (recipients). Immediately following IR exposure (1 Gy   137 Cs g-rays), human fibroblast (5C HDF) donor cells were pelleted and rinsed in PBS to remove any remaining media. Donor cells were then diluted either 1:100 or 1:1000 and added to non-irradiated recipient cells (5C HDF). The coculture was collected following two rounds of replication in the presence of 5 0 -bromo-2 0 -deoxyuridine and metaphases, the vast majority of which were nonirradiated recipient cells, scored for SCE. Our results revealed a significant elevation in SCE frequency in the samples whose donor cells were irradiated when compared with the control samples whose donors were not irradiated (Figure 2a) . The 1:100 dilutions displayed a frequency of 3.14 SCE/metaphase (0 Gy) and 5.28 SCE/metaphase (1 Gy). The 1:1000 dilutions displayed a frequency of 3.68 SCE/metaphase (0 Gy) and 5.48 SCE/ metaphase (1 Gy). Frequency histograms (Figure 2b ) illustrate that this is a general increase, rather than being limited to a subset of cells. It is also interesting to note that there was a similar increase in SCE frequency for both the 1:100 and 1:1000 dilutions, which is consistent with previous reports that the BSE appears to operate by an 'on/off' mechanism (Nagasawa and Little, 1992; Deshpande et al., 1996; Hu et al., 2006) . Therefore, only the 1:100 dilution cell transfer method was utilized in subsequent experiments.
We confirmed that direct IR (g-ray) exposure did not elevate SCE frequencies in our experimental system. These results imply that directly irradiated cells are refractory to the bystander signal. To test this hypothesis, we repeated the experiments outlined above, with addition of irradiated recipient cells (5C HDF) to the protocol ( Figure 3 ). As seen previously, SCE frequencies did not increase in directly irradiated cells; 4.2 SCE/ metaphase (0 Gy) and 4.03 SCE/metaphase (1 Gy) ( Figure 3 ). Also as expected, an increase in SCE frequency was observed when irradiated donor cells were added to non-irradiated recipient cells; 3.9 SCE/ metaphase (0 Gy) and 5.03 SCE/metaphase (1 Gy) ( Figure 3 ). However, there was no significant increase in SCE when irradiated donor cells were added to irradiated recipient cells; 4.08 SCE/metaphase (0 Gy) and 3.88 SCE/metaphase (1 Gy). This result supports the hypothesis that directly irradiated cells are refractory to the BSE, that is, they are unable to either receive or respond to a bystander signal once they have activated the mechanism to generate bystander signals.
We recognized the unavoidable reality that some, although very few, directly irradiated cells were scored as bystander cells in our cell transfer approach. Although we repeatedly determined that SCE frequencies do not increase in directly irradiated 5C HDFs (Figures 2a and 3) , we sought to further ensure that only bystander, non-hit cells were scored for SCE. Therefore, mouse cells, whose chromosome morphology is clearly distinguishable from human, were used as the irradiated donor cells and 5C HDFs were used as the nonirradiated recipient cells. Wild-type C57BL/6 mouse donor cells were irradiated and cultured with non- Direct irradiation does not increase SCE levels. Irradiated donor cells (5C HDF) induce an increase in SCE frequency in nonirradiated recipient cells (5C HDF). When recipient cells were irradiated (1 Gy), they were no longer able to respond to the bystander signal. **Significant at the 0.01 level. irradiated 5C HDF recipient cells. A significant increase in SCE frequency was observed in the 5C HDF recipients; 3.72 SCE/metaphase (0 Gy) and 5.33 SCE/ metaphase (1 Gy) (Po0.01) (Figure 4a) .
To examine the role of DNA-PKcs in the generation and/or reception of bystander signals in our system, we utilized BALB/c mouse primary kidney fibroblasts, which contain a hypomorphic variant of DNA-PKcs that results in reduced expression and kinase activity (Okayasu et al., 2000) . Irradiated BALB/c donor cells were added to non-irradiated 5C HDF recipient cells. No significant increase in SCE frequency was observed in the 5C HDF recipient cells; 3.70 SCE/metaphase (0 Gy) and 3.86 SCE/metaphase (1 Gy) (Figure 4a ), suggesting that DNA-PKcs is required for generation of the bystander signal. Although background frequencies varied slightly (common with SCE), all trends were consistent (see Supplementary Table 1 for additional SCE data demonstrating consistent trends).
Next, we utilized severe combined immunodeficiency (SCID) mouse primary kidney fibroblasts. SCID mice have a truncated version of DNA-PKcs and are essentially null for activity (Blunt et al., 1996) . Again, no significant increase in SCE was seen when irradiated SCID donor cells were added to non-irradiated 5C HDF recipient cells; 4.18 SCE/metaphase (0 Gy) and 4.36 SCE/metaphase (1 Gy) (Figure 4a) .
To further define a role for DNA-PKcs in the generation of bystander signals, additional transfer experiments were performed using a congenic mouse model recently created in our laboratory (see Materials and methods). B6.C-Prkdc BALB mice have a C57BL/6 wild type genetic background with the BALB/c variant allele of the Prkdc gene, whereas C.B6-Prkdc mice have a BALB/c genetic background with the C57BL/6 wild type Prkdc gene. Consistent with our C57BL/6 results, SCE frequencies were significantly increased when irradiated C.B6 donor cells (wild type Prkdc) were added to the 5C HDF recipient cells; 3.88 SCE/metaphase (0 Gy) and 5.19 SCE/metaphase (1Gy) (Figure 4a ). SCE frequencies were also evaluated in 5C HDF recipient cells using the B6.C strain (Prkdc BALB ) as the irradiated donor cells. Consistent with our BALB/c results, no significant increase in SCE frequency was observed; 4.29 SCE/ metaphase (0 Gy) and 4.13 SCE/metaphase (1 Gy). Our results utilizing these unique congenic mouse strains add additional mechanistic support for DNA-PKcs involvement in the generation of bystander signals.
Reverse experiments were also preformed in which irradiated or non-irradiated 5C HDF's were added to non-irradiated mouse cells. Both the recipient C57BL/6 and BALB/c mouse cells displayed significant increases in SCE frequencies after the addition of irradiated human donor cells (5C HDF). The C57BL/6 mouse cells displayed a SCE frequency of 0.106 SCE/chromosome (0 Gy) and 0.148 SCE/chromosome (1 Gy) (Figure 4b) . The BALB/c mouse cells displayed frequencies of 0.108 SCE/chromosome (0 Gy) and 0.154 SCE/chromosome (1 Gy) (Figure 4b ). Note that SCE frequencies for mouse cells were calculated on a per chromosome basis as they do not have stable karyotypes (aneuploid). The somewhat lower number of mouse metaphases analysed for SCE reflects the difficulty these cells seemed to experience in co-culture with human cells. However, results are statistically significant and represent a significant number of chromosomes scored. Others have also reported similar results in that DNA-PK is not necessary for the reception of the bystander signal (Mothersill et al., 2004; Kanasugi et al., 2007) . Taken together, our results demonstrate that although DNAPKcs is needed for the generation of bystander signals, it is not necessary for the receipt of such signals.
Our focus then turned to ATM, another DNA repair and signaling protein in the same PI3K family as DNAPKcs. A human dermal fibroblast line (AG04450) derived from an Ataxia Telangectasia patient was used to determine if ATM also plays a role in the bystander response. Consistent with other experiments, the 5C HDFs did not show an increase in SCE frequency when directly exposed to g-radiation; 4.2 SCE/metaphase (0 Gy) and 4.03 SCE/metaphase (1 Gy) (Figure 5a ). There was also no significant increase in SCE frequency when ATM À/À donor cells were irradiated and added to the non-irradiated 5C HDF recipient cells; 4.76 SCE/ metaphase (0 Gy) and 4.24 SCE/metaphase (1 Gy) (Figure 5a ). The reverse experiment, adding irradiated 5C HDF donor cells to ATM À/À non-irradiated recipient cells, revealed a highly significant increase in SCE frequencies; 3.9 SCE/metaphase (0 Gy) and 5.92 SCE/ metaphase (1 Gy) (Figure 5b ). Like the 5C HDFs, directly irradiated ATM À/À human fibroblasts did not show a change in SCE frequency; 4.34 SCE/metaphase (0 Gy) and 4.22 SCE/metaphase (1 Gy) (Figure 5b ). These data suggest that ATM, like DNA-PKcs, is necessary for generation of the bystander signal, but is not required for receiving such signals. Note the data in Figures 2 and 3 are summarized in Table 1 along with averages and statistical significance, and the data in Figures 4 and 5 are likewise presented in Table 2 .
Discussion
DNA-PKcs and ATM are members of the PI3K family and each participates in multiple cellular processes. DNA-PKcs, the catalytic subunit of DNA-PK, orchestrates NHEJ in response to DSBs. It is also critical in V(D)J recombination, and is essential for effective mammalian telomeric end-capping function (Bailey et al., 1999; Lieber, 1999 The reverse experiment revealed a significant increase in SCE in nonirradiated ATM À/À (recipients) when irradiated 5C HDF donor cells were added, whereas no significant change was seen in the direct irradiation of ATM À/À human fibroblasts. **Significant at the 0.01 level. 2007). Activation of ATM is an early event in response to IR-induced DSBs, and once activated ATM mediates downstream damage response pathways that include DNA repair, cell-cycle control and apoptosis (Lavin and Kozlov, 2007) . ATM is reported to play a role in telomere maintenance as well (Pandita, 2002; Denchi and de Lange, 2007) . In addition to DNA-PKcs and ATM's well-established roles in repair and intracellular signaling, (Nagasawa et al., 2003 (Nagasawa et al., , 2005 Collis et al., 2005; Lavin and Kozlov, 2007) , our findings indicate a role for these proteins in intercellular signaling of the ionizing radiation-induced BSE. We designed a cell transfer strategy that enables us to differentiate between the generation versus the reception of bystander signals. In our system, donor cells are irradiated (1 Gy g-rays) and seeded at a very low concentration (1:100 or 1:1000) onto non-irradiated normal human fibroblast recipient cells. Using a low concentration of donor cells and ensuring that recipient cells were at low confluency, we reduced and/or eliminated any possibility of a bystander response transmitted through gap junctions. We then measured SCE frequencies in the normal human fibroblast recipient cells as an indicator of IR-induced BSE.
To validate our approach, we tested normal human fibroblasts (5C HDF) as both the donor and recipient cells to be assured that they were able to both generate and receive a bystander signal. Cultures were at lowpassage (non-transformed) to circumvent any problem of decreased BSE with increasing passage. When directly irradiated, 5C HDFs do not display an increase in SCE frequency, in agreement with previous reports showing that direct low-LET IR does not influence SCE levels (Ardito et al., 1980) . Our cell transfer strategy also demonstrated that 5C HDFs can generate a bystander signal, inducing significant increases in SCE frequencies in recipient cells. The observation that the irradiated donor cells at both dilutions were able to increase SCE levels in the non-irradiated recipient cells by approximately the same amount is consistent with previous data suggesting that the BSE operates through an 'on/off' switch-like mechanism (Deshpande et al., 1996) .
The data demonstrating that directly irradiated cells do not display elevated SCE frequencies suggest that directly irradiated cells are themselves refractory to bystander signals. To test this, we used our cell transfer assay to again show that directly irradiated cells do not show elevated levels of SCE (Figure 3) . Also in agreement with our other results, we show that by seeding irradiated donor cells with non-irradiated recipient cells, an elevation in SCE frequency occurs in the non-irradiated recipient cells (Figure 3) . However, when the reverse is done and recipient cells are irradiated (1 Gy g-rays) before irradiated donor cells are added, there is no elevation in SCE frequency observed in the recipient population. This supports the hypothesis that once irradiated, 'hit' cells become refractory to either receiving or responding to a bystander signal.
We sought to determine whether the repair protein DNA-PKcs has an important function in the BSE. The BALB/c mouse strain contains two single nucleotide polymorphisms in the Prkdc gene, which produces a hypomorphic version of DNA-PKcs (Yu et al., 2001) . We compared the wild type C57BL/6 mouse strain to the BALB/c strain for the ability to generate and/or receive bystander signals. Our results show that wild type C57BL/6 mouse cells are able to generate a bystander signal in response to IR. The irradiated C57BL/6 donor cells increased SCE frequency in the 5C HDF recipient cells by over 40% when compared with the 0 Gy controls when seeded at a 1:100 dilution (Figure 4a ). Similar results were observed when the C57BL/6 donor cells were seeded at 1:1000 (Supplementary Information). However, irradiated BALB/c donor cells were not able to influence SCE frequencies in the 5C HDF recipient cells, demonstrating that DNAPKcs-deficient BALB/c mouse cells are unable to generate a bystander signal following g-ray exposure. The reverse experiments revealed that DNA-PKcs is not necessary for receipt of and response to bystander signals ( Figure 4b ). We conclude that DNA-PKcs is necessary for the generation, but not the reception, of bystander signals.
To confirm that DNA-PKcs deficiency, rather than a coincidental mutation in BALB/c mice, is responsible for abolishing the bystander response, we utilized congenic mouse strains generated in our laboratory. The B6.C-Prkdc BALB strain has a C57BL/6 background with the BALB/c variant of the Prkdc gene, whereas the C.B6-Prkdc has the BALB/c background with the C57BL/6 Prkdc gene. Interestingly, the C.B6-Prkdc showed a significant increase in SCE frequency, thus was able to generate a bystander response; however, the B6.C-Prkdc BALB was not able to significantly influence SCE levels. These results provide additional support for DNA-PKcs playing a critical role in the generation of a bystander response.
Next we examined the role of the closely related protein ATM, in generating and/or receiving bystander signals. Again, we found no significant increase in SCE frequencies following direct irradiation of human ATM À/À cells.
By irradiating ATM
À/À cells (donors) and using our cell transfer approach, we found no significant increase in SCE frequencies in the 5C HDF recipient cells. However, when the reverse cell transfer was performed, the irradiated 5C HDF donor cells were in fact able to generate a response in the ATM À/À cells, implying that ATM À/À recipient cells can receive and respond to a bystander signal, but they cannot generate one. Therefore, like DNA-PKcs, ATM is necessary for the generation, but not the reception of the bystander signals.
The role of DNA repair proteins in the generation of bystander signals may involve DNA-PKcs and ATM's capabilities as DNA damage sensors in signaling pathways. Such a damage response may initiate as yet undefined pathways that ultimately lead to the generation of a BSE in non-irradiated cells, and hints at a tissue-level response to radiation injury moderated by some of the same proteins that orchestrate the intracellular response to DNA damage. Although an intracellular IR-induced signaling response has been demonstrated (Wu et al., 1999) , it has also been shown that ATM and DNA-PKcs signaling activates NF-kB through the p53-independent MEK/ERK/p90rsk/IKK signaling pathway in an antiapoptotic response to DNA damage (Panta et al., 2004) . In addition, DNA-PKcs is required for the activation of the stress kinases SAPK/JNK (Fritz and Kaina, 2006) . It has also been shown that DNA-PKcs activation can be induced by exposure to nitric oxide (Xu et al., 2000) , which has been suggested as a possible bystander signal. Taken together, these data support the idea that ATM and DNA-PKcs may regulate, or be regulated by, other kinds of signaling events, such as the BSE (Figure 6 ). This model suggests that the BSE is an active process in response to IR exposure, rather than a passive response to DNA damage.
Although this model is currently speculative, our data do suggest previously unrecognized roles for the repair proteins DNA-PKcs and ATM in generation, but not receipt, of bystander signals. It should be noted that a previous study concluded that DNA repair proteins were not involved in generation of the bystander signal (Mothersill et al., 2004) . Our conflicting results may reflect differences in experimental design including cells used (primary fibroblasts versus various cell lines), end points examined (SCE versus clonogenic survival) and methods used (cell transfer versus media transfer). For example, the media transfer experiments limit the role of short-lived ROS, whereas in our cell transfer approach, the likelihood for continued ROS generation and interaction remains.
Enlightenment of the underlying pathways involved in bystander signal generation and reception is an essential step to better understanding of the BSE. Moreover, because predominately low biologically/environmentally relevant doses of radiation elicit a bystander response (Nagasawa and Little, 1992; Seymour and Mothersill, 2000; Morgan, 2003) , increased knowledge about this phenomenon holds important implications for individual radiosensitivity and susceptibility to radiation carcinogenesis caused by inadequate DNA repair capacity, a condition relevant to human populations and health.
Some degree of exposure to radiation above the natural background level is an unavoidable consequence of living in the modern world. A better understanding of the radiation-induced BSE and its influence on radiation carcinogenesis will aid regulators as they seek to protect human health while avoiding undue economic hardship from overly restrictive regulations.
Materials and methods
Cell Lines and cell culture Kidney tissue from 8 to 12-week-old female C57BL/6, BALB/c, SCID or congenic mice were minced, and digested in 199 medium containing collagenase (Worthington Type III; 200 units/ml) at 37 1C for 3-5 h with gentle agitation. Disaggregated cells were washed 6 Â in phosphate-buffered saline (PBS) containing 0.5% fetal bovine serum (FBS) and cultured in a-MEM medium (15% FBS, penicillin/streptomycin). Media was changed after 3 days of incubation. Low-passage neonatal Human Dermal Fibroblasts (HDF C-004-5C; Cascade Biologics) were grown in a-MEM supplemented with 10% fetal bovine serum and antibiotics. Cells were counted using a Coulter Counter (Coulter Beckman, Fullerton, CA, USA) and 4 Â 10 5 human fibroblasts were plated into T-75 flasks, then cocultured with 1:100 (or 1:1000) dilutions of either 0 or 1Gy girradiated, exponentially growing donor cells. Donor cells were not allowed to near confluency and included human ATM À/À (AG04450), DNA-PKcs deficient (BALB/c mouse), wild-type DNA-PKcs (C57BL/6 mouse) or congenic DNA-PKcs. Irradiations were performed using a sealed-source Mark I 137 Cs g-irradiator (JL Shepherd and Associates, USA). 5 0 -bromo-2 0 -deoxyuridine (Sigma, St Louis, MO, USA) was added to cultures at a final concentration of 2 Â 10 À5 M and cells were allowed to grow for two rounds of cell division. Colcemid (Invitrogen, Grand Island, NY, USA) was added at a final concentration of 0.2 mg/ml and cells were harvested approximately 2-3 h later. Cells were trypsinized, centrifuged, resuspended in 0.075 M KCl for 15 min at room temperature, then fixed with 3:1 methanol/acetic acid.
C.B6-Prkdc and B6.C-Prkdc
BALB congenic mouse strains Two strains congenic for the common allele (C57BL/6) and BALB/c variant allele of Prkdc were generated using the parental strains C57BL/6J (B6) and BALB/cByJ (C) (both obtained from Jackson Laboratory). For the congenic strain C.B6-Prkdc, B6CByF1 females were mated with C.B6 males to produce the N2 generation. Subsequent generations N2-N10 were repeatedly backcrossed to BALB/cByJ mice. For congenic strain B6.C-Prkdc BALB , CByB6F1 females were mated with B6 males to produce the N2 generation. Subsequent generations N2-N10 were repeatedly backcrossed to C57BL/ 6J mice. In both congenic strains, progeny were selected for backcross mating if they carried donor Prkdc sequence as determined by PCR/RFPL (Yu et al., 2001) . In addition, a marker-directed breeding strategy (speed congenics) was adopted at backcross generations N8-N12, which selected against progeny carrying background donor genome (Weil et al., 1997) . Microsatellite markers polymorphic between B6.C and C.B6 were used to select backcross progeny whose genome contained the least donor sequence at loci other than Prkdc. Mice at backcross N10 or later were intercrossed and progeny homozygous for the donor Prkdc allele were selected for inbreeding. Mouse colonies were maintained at the Colorado State University Painter Center.
SCE staining and analysis
Slides of metaphase chromosomes were prepared using standard cytogenetic techniques, then stained using the Fluorescence Plus Giemsa technique (Wolff and Perry, 1975) to obtain harlequin staining and to visualize SCE. Briefly, slides were stained with Hoescht 33258 (Fisher, Pittsburgh, PA, USA) for 15 min at room temperature, rinsed with distilled water and exposed to UV light (365 nm; Stratalinker, Stratagene, Cedar Creek, TX, USA) for 25 min. Slides are then soaked in 2 Â SSC at 60 1C for 30 min. Following thorough rinses with distilled water, slides are allowed to air dry and then stained with 5% Giemsa for 10 min. Images were analysed and captured using a Zeiss Axioskop2 Plus microscope equipped with a Photometrics Coolsnap ES2 camera and Metavue 7.1 software.
Statistical analysis
Slides were blinded and scored by independent investigators for SCE. Standard deviations were calculated and used to determine the s.e.m. to generate error bars. A student's t-test was calculated to determine statistical significance. All conditions were repeated at least two times, and each experiment was scored by at least two individuals. If results were not significantly different, data were pooled. Results from additional experiments are provided as Supplementary Table 1. 
